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Abstract
We investigate a single atom cavity-QED system directly driven by a broadband squeezed light.
We demonstrate how the squeezed radiation can be used to sense the presence of a single atom
in a cavity. This happens by transferring one of the photons from the field in a state with even
number of photons to the atom and thereby populating odd number Fock states. Specifically, the
presence of the atom is sensed by remarkable changing in the presence of one photon and the loss
of squeezing of the cavity field. A complete study of quantum fluctuations and the excitation of
multiphoton transitions is given.
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I. INTRODUCTION
Cavity quantum electrodynamics (cavity QED) is the study on the interaction between
photons confined to a high-finesse cavity and quantum emitters, including atoms, quantum
dots and so on, under conditions where the quantum nature of cavity photons is domi-
nant [1]. The typical model of light-matter interaction is a single atom interacting with
photons in the cavity, which is known as the Jaynes-Cummings model and provides many
interesting quantum optical phenomena, including vacuum Rabi splitting [2], single photon
blockade [3] and so on [4, 5]. It also provides possibilities to achieve quantum information
processing and communication by fully controlling the cavity QED systems [6, 7]. Due to the
quantum nature and extremely high coherence, atoms are good candidates for quantum com-
putation and communication. Benefit from the development of laser cooling and trapping
technology [8, 9], neutral atoms can be cooled from room temperature to sub-millikelvin,
and subsequently keep atoms trapped at the single atom level for a long time [10]. Now,
it is possible to strongly couple single or several trapped atoms to the cavity mode [11–17].
Even the ultrastrong coupling has been considered [18–20].
In experiments, detecting whether a single atom is successfully trapped inside the cavity
or not is challenging. In general, one can obtain the information of intracavity by detecting
the photon leaking from the cavity. Due to the intensity of leakage photons is very weak
(mean photon number is less than unity), single-particle detection technology such as the
homodyne detection [21] becomes a powerful tool for single atoms sensing [22]. To date, there
exist several methods to detect single atoms, including direct detection of spontaneously
emitted photons [23, 24], the observation of the change in the transmission spectrum [25–27]
and measurement of the polarized photons via the Faraday effect [28]. With these current
experimental conditions, the quantum statistical properties of photons can also be measured.
In this paper, we study the interaction of a single atom and the cavity directly driven
by a broadband squeezed light. Due to the strong coupling between the atom and cavity,
the mean photon number in the cavity, the mean value of |〈aa〉| and the photon number
distributions of the photon leaking from the cavity will be significantly changed. Compared
with the empty cavity, we show that it is possible to detect single atoms by monitoring
the sideway photons, observing the photon number distribution of the one-photon state and
measuring the quantum fluctuations of the cavity field.
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II. SYSTEM MODEL
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FIG. 1. Sketch of the single atom cavity-QED system driven by a broadband squeezed vacuum
with central frequency ωsq. The resonance frequency of this two-level atom is ωA = ωe − ωg with
~ωα (α = e, g) being the energy of state |α〉. Here, γ and κ are the decay rates of the atom and
cavity, respectively.
In Fig. 1(a), we first consider a two-level atom trapped in a single-mode cavity with high
Q factor, resulting in strong coupling between the cavity mode and atom. The cavity mode
frequency is labeled as ωcav and the atomic resonance frequency is labeled as ωA = ωe − ωg
with ~ωα (α = e, g) being the energy of state |α〉. A broadband squeezed vacuum with
central frequency ωsq is injected into the cavity as shown in panel (a).
Under the electric dipole approximation, the Hamiltonian of this system can be expressed
in the rotating frame of the central frequency of the squeezed field, which reads
H = ∆Aσee +∆Ca
†a + g0(σega+ σgea
†), (1)
where the atomic operator σij = |i〉〈j| (i, j = {e, g}) and g0 is the coupling strength between
the atom and cavity. The annihilation and creation operators of the cavity photons are
denoted by a and a†, respectively. Here, the detunings for the atom and cavity are defined
by ∆A = ωA − ωsq and ∆C = ωcav − ωsq, respectively. The Eq. (1) gives only the coherence
interaction between the atom and the cavity. The effect of the broadband squeezed radiation
is accounted for by using master equation. The terms given by Eq. (3) below represent the
effect of the squeezed drive.
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The evolution of this system is governed by the standard master equation [5], given by
d
dt
ρ = −
i
~
[H, ρ] + LA(ρ) + Lcav(ρ), (2)
where ρ is the density matrix operator. LA(ρ) and Lcav(ρ) are terms describing the decay
of the atom and the cavity driving by a squeezed light, respectively. In general, they have
the following forms [4]: LA(ρ) = γ(2σ
†
egρσeg − σegσ
†
egρ− ρσegσ
†
eg) and
Lcavρ = −κ(1 +N)(a
†aρ− 2aρa† + ρa†a)
−κN(aa†ρ− 2a†ρa + ρaa†)
+κM(a†a†ρ− 2a†ρa† + ρa†a†)
+κM∗(aaρ− 2aρa + ρaa), (3)
with γ and κ being the damping rates of the atom and cavity, respectively. Here, N =
sinh2 (r) is the photon number of the squeezed vacuum with r being the squeezing strength.
M = cosh (r) sinh (r)eiφ denotes the two-photon correlation in the injected squeezed vacuum
with φ being the phase of the squeezed vacuum. The behavior of atom in a bad cavity
(κ≫ γ) driven by a squeezed light has been extensively discussed [29, 30], where the atom-
cavity coupling strength g0 ≪ γ ≪ κ. For good cavities, the effect of the squeezed light
in dispersive cavities has been considered [31], and the reduction of the radiative decay of
atomic coherence has been reported [32]. In this paper, we focus on the strong coupling
case and show that the energy exchange between the atom and cavity will result in many
appealing phenomena.
III. SENSING A SINGLE ATOMS BY SQUEEZED DRIVE
We first discuss one of our key results, i.e., how the squeeze drive can be used to sense a
single atom in cavity. To demonstrate this we consider the special case ∆A = ∆C = 0. We
solve the master equation (2) numerically for a range of the degree of squeezing of the input
field. We evaluate the mean photon number 〈a†a〉 and the photon distribution P (n) in the
cavity. In the absence of the atom, these are well known
〈a†a〉 = sinh2 (r), P2n =
tanh(r)2n
cosh(r)
2n!
(n!)222n
, P2n+1 = 0. (4)
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In the presence of the atom, however, the mean photon number and the photon distribution
in the cavity change remarkably due to the additional transition pathway induced by the
coupling between the atom and cavity.
r r
P1
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FIG. 2. The mean photon number 〈a†a〉 [Panel (a)] and P1 [Panel (b)] versus the squeezing
parameter r. Here, the system parameters are chosen as ∆A = ∆C = 0, g0/κ = 15 and γ/κ = 1.
In Fig. 2 we plot 〈a†a〉 and P1 as a function of the squeezing parameter. Note that with on
atom P1 = 0. It is clear that the detection of a single photon in the cavity is a sensor for the
single atom in the cavity [see Panel (b)]. Note that with increase in the degree of squeezing,
the cavity field undergoes significant changes due to the presence of the atom. For small
r, we can easily understand the process that leads to the excitation of the atom and the
presence of a single photon in the cavity, i.e., |g, 0〉
Sq
→
radiation
|g, 2〉
cavity
→
coupling
|e, 1〉
spontaneous
→
emission
|g, 1〉
The applied squeezed radiation produces at least two photons in the cavity. One of these
is absorbed by the atom via the Jaynes-Cunnings coupling. The atom can then decay via
spontaneous emission. The last transition can be monitored by looking at the radiation on
the side of the cavity.
In Fig. (3) we show the photon distribution for arbitrary values of n. The system pa-
rameters are the same as those used in Fig. 2. Panel (a) shows that only the states with
even number of photons can be detected (i.e., P2k+1 = 0 and P2k 6= 0) in the absence of the
atom [5]. For small r, this result can be understood by exploring the excitation pathway
|g, 0〉
Sq
→
radiation
|g, 2〉 · · ·
Sq
→
radiation
|g, 2n〉. With the increase of r, more and more states with even
number of photons can be detected. Figure (3)b shows how the odd number photon states
get excited with the increase in the strength of the squeezing. It is obvious that larger the
degree of squeezed light r is, more the states with odd number of photons can be detected.
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(a) (b)
FIG. 3. The photon distribution for arbitrary values of n with different values of r. Panels (a) and
(b) represent the empty cavity and atom-cavity system, respectively. Here, the system parameters
are the same as those used in Fig. 2.
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FIG. 4. The phase dependent mean value |〈aa〉| versus the degree of the squeezed light r. The
blue dashed curves represent the case in the absence of the atom, while other two curves represent
the case in the presence of the atom. Here, we choose g0/κ = 5 for the dash-dotted curve and
g0/κ = 15 for the red solid curve. Other system parameters are the same as those used in Fig. 2.
The presence of the atom also changes the phase characteristics of the field in the cavity.
This is seen from the plot [Fig. 4] of the phase dependent mean value |〈aa〉|. For the empty
cavity, we show that the mean value |〈aa〉| enhances significantly as the value of r increases
[see the blue dashed curves in the Fig. 4]. However, the mean value |〈aa〉| will be suppressed
when the atom is in the presence [see other two curves]. The reason for the suppression of
|〈aa〉| is the excitation of the atom. As demonstrated by the red solid curve, the suppression
of |〈aa〉| can be significantly enhanced if the atom is strongly coupled with the cavity.
The full quantum statistical characteristics of the cavity field can be described in terms of
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the Wigner function of the cavity field. The Wigner function is calculated from the solution
of the master Eq. (2). In Fig. 5, we plot the Wigner function of the cavity field. In the
0.32
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FIG. 5. The Wigner functions of the cavity field. Panel (a) represents the case in the absence
of the atom. Panels (b) and (c) represent the cases in the presence of the atom with coupling
strengths g0/κ = 5 and g0/κ = 15, respectively.
absence of the atom, the cavity is excited by the two photon process as demonstrated in
Fig. 3(a). Thus, the Wigner function is suppressed in one direction [see Fig. 5(a)], implying
that the cavity field is squeezed. In the presence of the atom, the excitation of the atom
significantly changes the Wigner function of the cavity field as shown in Fig. 5(b) and 5(c).
Specifically the presence of a single photon prevent the generation of the squeezed field,
resulting in the Wigner function of a circular aperture under the strong coupling condition
[see panel (c)].
An alternate way to understand the interaction of the atom with the squeezed light in the
cavity is to make a Bogoliubov transformation on the cavity field. Thus, in the absence of
the atom the cavity is in vacuum state of the Bogoliubov operator b = cosh(r)a− sinh (r)a†,
φ = 0. Then, we can rewrite the master equation (2) as
dρ
dt
= −κ(b†bρ− 2bρb† + ρb†b)− i[HI , ρ],
HI = gσeg(cosh (r)b+ sinh (r)b
†) + H.c. (5)
In terms of the Bogoliubov modes, the excitation of the atom occurs via the counter rotating
terms σegb
†.
7
r
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.1
0.2
0.3
FIG. 6. The population of the atomic excited state ρee is plotted as a function of the degree of
the squeezed field. Here, we set ∆C = ∆A = 0. The blue dashed curve corresponds to the case of
g0 = 5κ, but the red solid curve corresponds to the case of g0 = 15κ. Other system parameters are
the same as those used in Fig. 2.
Finally, we study the population of the atomic excited state ρee by setting ∆C = ∆A = 0
and varying the degree of the squeezed field. In Fig. 6, we plot the population of the atomic
excited state ρee as a function of the degree of the squeezed field. Here, the blue dashed
curve corresponds to the case of g0 = 5κ, but the red solid curve corresponds to the case
of g0 = 15κ. Other system parameters are the same as those used in Fig. 2. Clearly,
the population of the atomic excited state grows quickly (i.e., the atom is excited) with
the increase of the degree of the squeezed field. This characteristic implies another way of
sensing the atom by detecting the emission of sideway photons once the atom is excited.
IV. CONCLUSION
In summary, we have studied the single atom-cavity QED system driven by a broadband
squeezed light under the strong coupling regime. Due to the energy exchange between
the atom and cavity, the mean photon number in the cavity, photon number distributions
and quantum fluctuations of the cavity photons are significantly changed. For instance,
(I) compared with the empty cavity, the mean photon number in the cavity undergoes a
reduction due to the atomic spontaneous emissions, which implies an approach to sensing
atoms by detecting the sideway photons emitted by the atom; (II) the mean value of |〈aa〉|
can be remarkably suppressed under the strong coupling regime when the atomic resonance
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frequency is the same as the central frequency of the squeezed light; (III) it is possible
to detect photons in the odd photon number states, especially the value of P1 if a single
atom is trapped inside the cavity. Based on these interesting properties, we show that the
squeezed light is a good candidate for sensing single atoms in the cavity by several potential
approaches, such as monitoring the sideway photons, measuring the photon fluctuations and
detecting the probability in the one-photon state. These phenomena can be realized with
current experimental conditions, and the results presented in this paper may help readers
to understand very wide implications of squeezed light interacting with matter.
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